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1THE DESIGN AND OPERATION OP AN EXPERIMENTAL SAND FILTER 
AND AN EXPERIMENTAL MECHANICAL FILTER.
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2I. INTRODUCTION.
The object of this thesis is two-fold, viz:- 
(1) To design, build, and operate two experimental water fil­
ters, one acting on the principle of slow filtration through 
sand, and the other on the principle of rapid filtration through 
sand with the aid of a coagulant.
^2 ) To determine the efficiency of the slow sand filter and of 
the mechanical filter when applied to a water very polluted with 
sewage.
II. SOURCE AND NATURE OF WATER SUPPLY.
The water used was taken from an old tile drain from 
Champaign which empties into the Boneyard Branch just below the 
University Power Plant. It is an old storm-water sewer which 
must also have some house connections. The presence of sewage
iis shown by chemical analysis. The flow is quite constant, 
probably due to a broken tile where it crosses the Boneyard 
Branch farther up the stream.
Table 1. gives a chemical analysis of the water
TABLE 1
SANITARY WATER ANALYSIS 
Parte per Million.
SOURCE St. Louis 
WATER SUPPLY
WATER USED 
IN THESIS.
DATE OB' COLLECTION Aug. - Nov. 1899 April 26, 1906
TURBIDITY Very, very heavy Slight
COLOR .05 None
ODOR None 2 Earthy
RESIDUE ON 
EVAPORATION 1500 589.
CHLORINE •orH 28.
OXYGEN CONSUMED 18. 4.6
FREE AMMONIA .04 .512
ALBUMINOID AMMONIA .7 .208
NITRITES .01 .425
NITRATES .6 7.58
ALKALINITY 209
SULPHATES 10.
4used in the experimental filters and for comparison an analysis 
of the St. Louis water supply is also given. The water used 
in the filters has a high content of chlorine, free ammonia, 
nitrites and nitrates. The presence of such in a water indicates 
almost conclusively that it has been and is subject to sewage 
pollution.
The St. Louis water is extremely turbid and contains 
a great deal of suspended matter probably mostly of mineral com­
position. This fact will account for the high residue on evap­
oration and the high amount of the oxygen consumed, while the 
low values for chlorine, nitrites, nitrates and ammonia would 
indicate little sewage pollution. Therefore it can be seen that 
the water used in the experimental filters is more polluted than 
the water used in the St. Louis filters.
5III. DESCRIPTION OF EXPERIMENTAL PLANT.
A continuous supply of water for the filters was 
maintained by a small Marsh steam pump placed in the University 
Power Plant directly over the Boneyard Branch. The suction pipe 
entered the drain and was covered with a strainer to prevent 
obstruction of the suction. The one-inch discharge pipe from 
the pump passed through the pump and reservoir rooms and through 
a covered, wooden conduit into the hydraulic laboratory. On en­
tering the hydraulic laboratory the discharge pipe passed direct­
ly into the supply tank which was placed on a platform next to 
the east wall of the laboratory and reaching nearly to the roof.
The supply tank is of #22 galvanized iron, 4 feet in 
diameter, and 2 1/2 feet deep. It has a capacity of 235 gallons. 
As the pump supplied water at a greater rate than needed for the 
filters a two-inch overflow pipe was put on the supply tank so 
as to maintain a constant head on the filters.
The slow sand filter tank is 6 feet in diameter and 
10 feet high. It was made of #18 galvanized iron. Across the 
bottom at the center was laid a line of ordinary 4 inch, porous 
drain tile covering the one-inch effluent pipe.
The sand and gravel used came from a sand bank in 
Indiana. The layers of sand and gravel were put in as follows:-
66 inches coarse gravel 3/4 inch to 3 inches 
6 " gravel 1-/4 inch to 3/4 inch
26 " sand, effective size .31 m.m. and uniformity
coefficient of 2.6 .
21 inches sifted sand, effective size .28 m.m. and a 
uniformity coefficient of 2.46.
The total depth of sand and gravel is 4 feet 11 in­
ches. All of the sand was washed before it was placed in the 
filter. The top layer was sifted through a sieve having 18 
meshes to the inch. The average effective size of sand in 
English and German filters is .365 m.m. and the average uniform­
ity coefficient is 2.3. (Hazen’s Filtration of Public Water 
Supplies, p. 28).
The influent pipe entered the filter one foot above 
the sand and the water in the filter was kept at a constant lev­
el by a float valve attached to the influent pipe. The depth 
of water over the sand was about 4 feet 9 inches. The filter 
was operated at a rate of 3,000,000. gallons per one per 24 
hours which for this filter gives 1950 gallons per 24 hours and 
was regulated by raising or lowering the effluent pipe which has 
a swing joint at the bottom of the filter. The rate was meas­
ured and regulated two or three times a day by running the ef­
fluent into a pail and weighing. The lost head or difference 
between head of water in the filter and head of water in the 
effluent pipe was taken from two water-glasses, one connected 
to the filter above the sand and the other connected to the ef­
fluent pipe at the bottom. The total available head was nearly 
10 feet. The details of the sand filter are shown on Plate 5.
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9The experimental mechanical filtration plant consists 
of the mechanical filter itself, the rate controller, the coag­
ulation basin, and the apparatus for introducing the coagulant. 
The coagulant basin is on a platform directly under the supply 
tank. It is 6 feet in diameter, 3 feet in depth and has a cap­
acity of 625 gallons. The influent pipe, from the supply tank 
above, was connected with a float valve to keep a constant depth 
of water in the basin. Baffles were placed in the basin to keep 
the coagulated water from passing directly through to the outlet 
of the tank.
The apparatus originally intended for introducing 
the coagulant consisted of 2 - 14 quart pails suspended above 
the supply tank and connected to the pipe leading from the sup­
ply tank to the coagulation basin by two small brass tubes with 
sight feed oil droppers to regulate the flow of chemical. But, 
owing to the large amount of lime required thus giving a heavy, 
milky solution of lime (CaO), the above apparatus could not be 
used and the coagulant was introduced as described under the 
operation of the mechanical filter.
The mechanical filter was made of #18 galvanized 
iron, 20 inches in diameter and 9 feet deep. An available head 
of from 11 to 12 feet was desirable for the operation of the 
mechanical filter and to get this head the filter was placed on 
a platform 3 feet above the floor. The drainage system in the
*'*' The rate of operation for the filter was 125,000,000 gal­
lons per acre per day which for this filter gives 6250 
gallons per day.
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11.
bottom of the filter consisted of a 2 inch main collector with 
5 one-inch laterals and 19 mechanical filter strainers obtained 
from the Pittsburg Filter Manufacturing Company.
The sand used was given by the Danville, Illinois 
Water Company and came originally from Red Wing, Minnesota. It 
has an effective size of .431 m.m. and a uniformity coefficient 
of 1.51. This sand came from the same pits as that used in- the 
Jewell Mechanical filters at Pittsburg. This sand is somewhat 
coarser than is commonly used in sand filters and the uniformity 
coefficient is low. It is necessary to use sand with the very 
lowest coefficients to avoid the separation of the particles 
according to sizes when the sand is being washed. The layers 
of sand and gravel are:-
12 inches gravel 1/4" to 1/2" in diameter 
6 inches gravel 1/16" to 1/4" in diameter 
35 inches sand making a total depth of 53 inches.
The influent came into the filter through a one-inch pipe at a 
point one foot above the sand and the head on the sand was kept 
constant by a float valve.
The effluent after passing through the strainer sys­
tem flowed into the controller. The latter was a very simple 
and effective device for regulating the rate of filtration. It 
consisted of a galvanized iron circular tank 2 feet in diameter 
and 21 inches deep with a one-inch influent pipe and float 
valve and a 1 1/2 inch discharge pipe controlled by a gate 
valve. The float valve kept a constant level of water in the 
controller and the desired rate of filtration was obtained by 
setting the gate valve.
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GENERAL VIEW OF FILTERS.
VIEW OP SUPPLY, COAGULATION AND CHEMICAL TANKS
IV. OPERATION AND RESULTS OF TESTS OF SLOW SAND FILTER.
The slow sand filter was started on May 1, 1906 *
and operated continuously until May 21. Chemical and bacterial 
samples of the influent and effluent were taken daily. The
p
analysing of the samples and making the bacterial counts was 
done in the laboratories of the State Water Survey. The rate 
of filtration, 3,000,000 gallons per acre per day, was kept as 
nearly constant as possible. The lost head, which was recorded 
daily, was 2 5/8 inches at the time of starting the filter. The 
loss of head increased rapidly being 43 1/2 inches on May 8th 
when the filter was stopped and the sand scraped. A thin layer 
of black silt covered the surface of the sand. This together 
with about 4 inches of sand was removed. The filter was started 
again May 8th, the lost head being 3 3/8 inches which is nearly 
the same as at the beginning of the first run. The lost head 
when the filter stopped was 96 inches.
The first of the chemical analyses showed that the 
effluent in nearly every case had a higher percentage of chlorine 
than the influent. This could be explained only by a variation 
of the amount of chlorine in different hours flow of the supply. 
Samples of the influent were taken at intervals of 2 hours dur­
ing the day and the following analyses show the variation in 
the amount of chlorine.
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PARTS PER MILLION
8 A.M. 30.
10 A.M. 30.
12 A.M. 51.
2 P.M. 71.
4 P.M. 79.
6 P.M. 97.5
At 3,000,000 gallons per acre per day the velocity
5,000,000of the water down through the sand = = .38543560 x 7.48 x 24 
feet per hour. The inlet pipe is 6 feet from the bottom and it
was assumed that the water started downward from the inlet pipSj
as the float valve discharged the water horizontally into the
filter and the water above the inlet seemed to remain quiescent.
6Therefore the time required to pass through the filter = — ^35”= 
16 hours and samples of the influent and effluent should be 
taken 16 hours apart in order to obtain correctly comparable 
results. This was done from May 16 - 21, influent samples being 
taken at 3 P.M. and 7 A.M. and effluent samples at 7 A.M. and 
11 P.M.
A study of the results of analyses of influents and 
effluents shown in Table 2, suggests the following comments.
The temperature of the effluent increased from 1 to 5 degrees, 
Centigrade, over that of the influent. This was due to the tem­
perature of the room which was always from 7 to 12 degrees higher 
than the temperature of the influent. The turbidity and color 
were almost entirely removed and also the odor except in a few 
cases. The averages of residue on evaporation are, influent,
584 parts per million, effluent, 582 parts per million. This 
fact would lead to the conclusion that the total solids in the 
water were dissolved solids and hence not removed by the sand
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filtration. The percentages of chlorine in the influent and 
effluent are so variable that no conclusion can be drawn. The 
variations are probably due to the effect of hourly variations 
in the chlorine due to the house connections of the drain. The 
oxygen consumed and free and albuminoid ammonia show an apprec­
iable reduction due to the straining out by the filter of the 
organic matter. The total nitrites and nitrates remained nearly 
constant. A decrease in the nitrites was generally followed by 
an increase in the nitrates. The alkalinity of influent and 
effluent remain practically the same there being no chemical 
change which would make a reduction. The determination of sul­
phates is only an approximate method and is not of any special 
importance. The bacterial efficiency of the sand filter was 
low and variable until May 16th, when comparable samples were 
taken 16 hours apart. The last days of the test showed an
efficiency of 99.8 % and 99.3^.
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V. OPERATION AND RESULTS OF TESTS OF THE MECHANICAL FILTER.
Preliminary experiments were made in the laboratory 
of the State Water Survey to determine the kind and amount of 
coagulant to use in the mechanical filtration of the water to 
be treated.
A one-percent solutions of iron sulphatevFeSO^) and 
alum (ALg^304)3 ) were prepared and also a saturated solution of 
lime containing 68 grains per gallon. The solutions of iron 
and alum were applied separately to the water in amounts varying 
from 1/2 gr. to 10 gr. per gallon. The minimum amount which 
would produce a sufficient precipitate was 6 gr. per gallon for 
the iron and 8 gr. per gallon for the alum. The iron and alum 
were also tried with varying amounts of lime but this did not 
materially reduce the number of grains per gallon required. As 
the ordinary amount of iron or alum used does not usually exceed 
2 gr. per gallon their use in connection with this water becomes 
impracticable.
Experiments were next made using lime in amounts 
varying from 6 to 16 gr. per gallon and it was found that 12 gr. 
per gallon gave a sufficient precipitate and without leaving an 
excess of caustic lime in the filtered water. This is an excess­
ive amount of coagulant but as stated before a sufficient pre­
cipitate could not be obtained by using a less amount. The cost 
of lime delivered at Champaign is $.2.00 per barrel or l/2 cent 
per lb. and using 12 grains per gallon the cost of this coagulant
18
per million gallons of filtered water is $8,55, which is not 
Bxcessive.
The method of operation was as follows: The supply 
tank was filled, and the required amount of lime added and the 
mixture stirred. The outflow valve was then opened and the 
mixture allowed to flow into the coagulation basin. It was es­
timated that the coagulated water remained in the basin about 
15 to 20 minutes and that it required 30 minutes to pass through 
the filter. Samples of the influent before the lime was added 
and of the effluent 45 minutes later were taken. The first 
test started at 1.00 P.M. May 21 and ended at 5.15 P.M. thus 
giving a run of 4 1/4 hours before washing was required. The 
lost head at the start was 61 3/4 inches and 112 inches at the 
close of test. The method of washing the sand was as follows:, 
the influent to the filter was stopped and the drain pipe over
the sand opened allowing the water in filter to drain out to the
. •>level of the drain pipe. The valve in effluent pipe was closed 
and the compressed air valve opened. Air was forced through 
the sand for 3 minutes and then clean wash water from the Uni­
versity mains allowed to flow up through the sand until the 
water from the drain pipe appeared clean. The amount of wash 
water used on the first test was 96 gallons being about 4^ of 
the amount of water filtered.
The second run of the mechanical filter started at 
9.12 A.M. May 22 and ended 1.30 P.M. The lost head at the start 
was 55 inches and was 115 inches at the close of the run. Length 
of run 4 1/4 hours. The third run was noticeable in that the
19
lost head at the start was only 35 inches and after a run of 7 
hours 108 1/2 inches.
The results of the analyses of influents and effluents 
of the mechanical filter are shown in Table 2. The turbidity 
and color were removed but the odor was but slightly reduced.
The reduction of residue on evaporation was from 30 to 50 percent 
mostly due to the uniting of the lime with the acid carbonates 
present in the water and the precipitation of the resulting nor­
mal carbonates. The increase in chlorine cannot be explained 
unless some chlorides were present in the lime used. The oxygen 
consumed and free and albuminoid ammonia all show a consistent 
reduction. This can be explained by the fact that sedimentation 
with a coagulant removes some of the organic matter especially 
that which is in a finely divided form. The reduction in alkal­
inity was from 30 to 50 percent. The chemical reaction which 
takes place is:-
CaH(C05)2 +  Ca(0H)v= 2 CaC0s+H20 .
CaCOg is the insoluble normal carbonate forming a white crystal­
line precipitate.
The bacterial efficiency was very irregular and not 
at all satisfactory. The test of the mechanical filter was too 
short and the results too variable to draw any conclusions re­
garding efficiency.
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VI. COMPARISON OF THE RESULTS OBTAINED FROM THE TWO FILTERS.
The efficiency of the two filters in regard to the 
removal of turbidity, color and odor were practically the same. 
The mechanical filter showed an advantage over the slow sand 
filter in the reduction of total solids, oxygen consumed and 
alkalinity, all of which is due to the use of a coagulant.with 
the assistance of sedimentation. The bacterial results obtained
•rt.
from both filters were very irregular and unsatisfactory. Be­
cause of this no comparison can be made between the two filters 
as regards bacterial efficiency but the slow sand filter gave a 
fairly good efficiency after the change of time of taking samples 
(May 16).
Referring to the secondary object of the thesis on 
page 2, we would conclude that the water experimented with can­
not be made potable by either of the processes used. The efflu­
ents of the two filters, though improved in many respects, still 
show too high values in many undesirable constituents for drink­
ing water. The water used in the experiments would require some 
preliminary treatment probably in an aerobic filter before being 
submitted to the ordinary processes of water filtration.
We wish to acknowledge our indebtedness to Prof.
E. J. Bartow, Mr. J. M. Lindgren of the State Water Survey and to 
Dr. W. G. Bain for their valuable assistance in performing the 
chemical and bacterial analyses.
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